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The "developmental origins of health and disease" (DOHAD) hypothesis derives from clinical 25 observations indicating long-term health consequences for persons of low birth weight. There is 26 growing evidence, primarily from animal studies, that supports the idea that processes put in 27 motion during development that contribute to DOHAD do not necessarily reflect as significantly 28 compromised growth and altered birth weight. Throughout the body of work investigating the 29 DOHAD hypothesis, several themes have emerged; the importance of the placenta, the presence 30 of critical periods of vulnerability, the involvement of the kidney in programmed hypertension, 31 the presence of sex differences in the progression and development of adult diseases. Despite 32 compelling findings in recent studies, much remains unclear regarding the impact of biological 33 sex in the progression of human diseases in general, and in the mechanisms underlying 34 developmentally programmed responses in particular. While the contribution of biological sex to 35 DOHAD is increasingly recognized, it also appears that it may exert distinctly different 36 influences during fetal and adult life. The mechanisms by which biological sex contributes to 37 these processes remains nebulous at present; nevertheless, several intriguing mechanistic 38 candidates have been proposed ranging from differences in the amounts of sex hormones (e.g. 39 estrogens, androgens) to recently described sexual dimorphism in the transcriptome of a variety 40 of mammalian tissues. Recognizing the influences of biological sex or sex hormones on DOHAD 41 uniquely situates research in this area to provide significant insights into the development and 42 progression of many diseases, recent examples of which are the subject of this review. 43
44
INTRODUCTION 45
Gestation is a considerable physiological stress and adaptation to this stress requires 46 synchronized adjustments to the maternal physiological state. Not only are the proper regulation 47 of energy, fluid, and electrolyte balance critical to the maintenance of maternal homeostasis 48 during pregnancy; simultaneously, the needs of a rapidly growing conceptus must be met. When 49 this maternal-fetal balance is not maintained, a sub-optimal intrauterine environment is created 50 and long-term consequences for health and well-being may result. 51
Developmental programming, defined as the response by the developing mammalian 52 organism to a specific challenge during critical periods that alter the normal trajectory of 53 development qualitatively and/or quantitatively with resulting persistent effects on phenotype, is 54 now recognized as an important determinant of adult health. Acceptance and understanding of 55 this concept derives from human epidemiological studies suggesting that cardiovascular disease 56 (6), chronic kidney disease (68), end stage renal disease (60) and low glomerular filtration rate 57 (52) are associated with low birth weight. Epidemiological studies have examined several forms 58 of maternal-fetal stressors during early development; utero-placental insufficiency, hypertension, 59 maternal nutrient deprivation, hyperemesis gravidarum, nutrient excess and glucocorticoid 60 excess chief among them, that provide convincing evidence in support of this belief (7; 29; 116). 61
In addition, a wealth of carefully controlled animal investigations, primarily in rodents and sheep 62 (summarized in Numerous studies have documented sex-differences in the incidence and severity of 72 cardiovascular diseases such as coronary artery disease, heart failure, cardiac hypertrophy, and 73 sudden cardiac death (29; 36; 90). These differences in the expression of cardiovascular disease 74 may be related in part to intrinsic sex-differences in myocardial function. Many recent studies 75 have provided evidence that indicates a sex dichotomy also exists in the physiological responses 76 to developmental challenges as they relate to the programming of subsequent cardio-renal 77 function. These studies have largely been interpreted in one of two ways: 1) that male and female 78 fetuses adapt differently to developmental stressors; or 2) that male and female sex steroids have 79 a profound influence on the development and progression of developmentally programmed 80 disease states. Moreover, since sex differences are apparent quite early in embryonic 81 development and are independent of sex hormones; developing a third line of reasoning to 82 suggest innate differences between the sexes play a role may yield particularly useful insights. 83
Viewed in concert several primary remaining questions emerge: Do innate sex differences with 84 their roots in fetal life play a significant role in predisposition to adult diseases in general and 85 developmentally programmed outcomes in particular? Do post-natal sex differences interact with 86 fetal adaptations to in utero stressors to generate differential outcomes? Or is it some 87 combination of these scenarios? The goal of this review is to evaluate and place into perspective 88 the current body of knowledge in the rapidly growing area of sex differences in developmental 89
programming. 90 91 estrogens present in adult females, these data support the view that male susceptibility to 158 cardiorenal disease is innate rather than a consequence. 159
In the ovine fetus we have previously shown that there is a sex difference in the ontogeny 160 of gene expression in the RAS (30). Angiotensin II type-1 receptor (AT 1 ) protein was increased 161 from 78 (mid-gestation) to 135 DG (late gestation; term at 148 DG) in male but not female 162 fetuses. In contrast, Angiotensin II type-2 receptor (AT 2 ) protein decreased in the female but not 163 male fetuses from mid-to late gestation. Interestingly, no sex differences were apparent in 164 angiotensin converting enzyme (ACE) or renin protein expression at either mid-or late gestation 165 in the sheep. In contrast, we have found that ACE protein is increased in the female compared to 166 male fetal kidney of the baboon at mid-gestation (DG 90) (28). While the origin and the purpose 167 of these sex differences in fetal protein expression remain unclear, it should be considered that 168 these observations simply reflect different trajectories of fetal development between the sexes; 169
i.e. fetal development between the sexes may just be different at any given gestational age. 170
171
Differences Observed Following Delivery 172
The transcriptome continues to display sex differences in adulthood, such as in 173 differences in expression of mRNA for osmoregulatory and drug metabolizing proteins in the 174 murine kidney (103) for example. Similarly, genes encoding drug and steroid metabolism are 175 also reported to be differentially expressed between the sexes in the liver (103). It is therefore not 176 unreasonable to hypothesize sex differences exist within a molecular framework. There are also 177 recognized sex differences in arterial pressure and the progression of renal disease, both of which 178 are thought to involve actions of the RAS (110; 114). Moreover, recent clinical studies show that 179 females are more responsive to the effects of ACE inhibition than men and that this occurs in an 180 estrogen independent manner (99). It seems plausible that there are many potential avenues, from 181 embryonic life on into adulthood, through which sex differences may interact with 182 developmental programming stimuli or programmed adaptations to result in sex specific cardio-183 renal disease susceptibility. 184
185
SEX DIFFERENCES IN DEVELOPMENTAL PROGRAMMING 186
As introduced above, males, both human and animal, show an enhanced propensity to 187 progress towards renal injury and decreased renal function than do females (88; 100; 110). Other studies have evaluated cardiovascular responses between male and female subjects 213 that were growth restricted in utero. In one such study, Ward and colleagues reported women 214 that were born small were far more susceptible to stress-induced increases in systolic blood 215 pressure (127). A recent study by Jones et al. has shown that there are marked sex differences in 216 the way that size at birth is associated with alterations in cardiovascular physiology established in 217 childhood (49). Specifically, they reported that smaller size at birth is associated with higher 218 arterial pressure systemic vascular resistance following stress in boys. In girls, they reported 219 evidence of increased cardiac sympathetic activation at rest and during stress (49). 220
Further evidence that markers of impaired fetal growth are related to autonomic 221 cardiovascular control involving modulation of both sympathetic and parasympathetic function 222 but in a sex-specific manner has also been provided in an adult Australian cohort by the same 223 group (50). The authors reported that women but not men who were small at birth demonstrated 224 increased low-frequency blood pressure variability at rest and during stress, reduced levels of 225 high-frequency heart period variability and a reduction in baroreflex sensitivity. These 226 observations suggest that, similar to the findings from animal studies, intrauterine influences in 227 humans can have lasting although different effects on cardiovascular function in males and 228 females and that these effects are evident before the endocrinologic events associated with 229 puberty. bed of pregnant adult females that had been exposed to MNR during their own development 246 (43). MNR during the pre-implantation period in the rat resulted in elevated BP in male offspring 247 only (59). It should be noted, however, that the blood pressures of the control male rats in the 248 latter experiments were lower than those of the control females, and it is the reversal of the 249 dichotomy that is associated with the observation of relative hypertension in male offspring. 250
Restriction of specific nutrients other than protein has also been evaluated. A maternal low-251 sodium diet in rats has recently been associated with increased maternal plasma renin activity 252 and correlated with IUGR, increased blood pressure, and reduced creatinine clearance in female 253 offspring but not in males (9). While it currently appears that MNR is associated with increased 254 risk to the male compared to the female offspring, the mechanisms underlying this observation 255 remain unclear. Moreover, it remains unclear whether the increased risk to the males is a result 256 of gene x environment interactions originating during or after gestation. Further studies are 257 needed to thoroughly investigate these possibilities. 258
259
Large Animal Models of Dietary Nutrient Restriction 260
Although not all large animal models show clear effects of MNR on the offspring, several 261 large animal models have been evaluated for sex differences; we have shown that similar to the 262 rodent models the male ovine and baboon fetuses appears to be more susceptible to the effects of 263 poor maternal nutrition (28; 30; 32). Our work in sheep has shown that maternal global caloric 264 restriction impairs nephrogenesis and alters intrarenal immunoreactive AT 1 , AT 2 and renin 265 expression in gestational age and gender specific ways (30). Further, we have found that only 266 male offspring off these MNR ewes are hypertensive (32) Although we have not found a decrease in fetal growth after 30% MNR in the baboon, 271
we have previously reported sex specific alterations in renal gene expression (28). AT 1 272 expression is increased in the MNR fetal male baboon kidney at mid-gestation compared to the 273 control male at both the mRNA and protein level. Further, when AT 1 and AT 2 are expressed as 274 an AT 1 :AT 2 ratio we find that this ratio is relatively constant across all groups except in the NR 275 male in which it is greatly increased. We have also reported that immunoreactive ACE is 276 increased by MNR in the male but decreased in the female (28). This is another truly unique 277 observation that may reflect disparities between MNR models in primate and non-primate 278
species. 279
Despite the considerable alterations observed at the molecular level in the fetal kidney 280 (19; 20; 28; 30; 32; 37; 80-82), the observation that moderate MNR during the first half of 281 gestation has no effect on fetal size is not unreasonable because of the normally constrained 282 growth potential of the fetus during early gestation. Early to mid-gestation is regarded more as 283 the period of placental proliferation rather than a period of accelerated fetal growth such as that 284 seen during the latter half of gestation. Interestingly, we have noted that pregnant baboons 285 carrying male fetuses in the control group had a greater average consumption of kilocalories 286 during the first 13 weeks of gestation than the pregnant baboons carrying female fetuses (MJN, 287 unpublished observations) and similar reports have been made in the clinical literature (120). 288
These observations highlight a primary strength of large animal models, the ability to more 289 closely approximate the gestational environment that is realized by pregnant women. 290
Nevertheless, further studies that are designed to evaluate sex differences that may originate in 291 utero will have to be performed in both large and small animal models systems. 292
293
Models of Utero-Placental Insufficiency 294
Models of utero-placental insufficiency are quite intriguing as they are relevant to 295 multiple maternal health issues as well as to the developmental programming of hypertension. 296
Alexander et al. have shown that reduced uterine perfusion pressure during the last trimester of 297 pregnancy in the rat programs hypertension in the offspring and in a sex specific manner (3; 37). 298
Further, in this model both the RAS and sex steroids have been implicated in the observed sex 299 differences in hypertension (37; 91; 92). In contrast, the two kidney-one wrapped kidney 300 Important information with regard to maternal nutrient excess and sex-associated 332 difference comes largely from animal models. Langley-Evans (61) described hypertension in 333 male offspring after exposure to a maternal diet high in saturated fat (or low in linoleic acid) in 334 rats that is not true of female offspring. In contrast, Elahi and coworkers have shown that mice 335 fed high fat diets long before the onset of gestation are hypercholesterolemic and hypertensive 336 and produce female offspring that are hypertensive, hypercholesterolemic and have reduced 337 locomotor activity (25). Moreover, treatment of the dams with pravastatin lowered blood 338 pressure and cholesterol levels and increased activity in the female offspring (25). Because the 339 numerous pleiotropic effects of statins the mechanisms for these effects remain unclear, 340 nevertheless these observations provide insights for further studies. 341
In a model more resembling high fat food consumption in humans, Armitage et al. 342 demonstrated that a diet rich in fat fed to pregnant rats results in male offspring gaining more 343 body weight and presenting with decreased renal renin activity when compared to females (4). 344
Offspring from this model of maternal high fat diet have been shown to be hypertensive, 345 exhibited increased aortic stiffness, decreased aortic smooth muscle cell number, endothelial 346 dysfunction and decrease renal Na+, K+-ATPase activity. The bulk of these changes were 347 independent of sex except for increased blood pressure where female offspring were 348 hypertensive while the males were not (55; 109). Further, Khan et al. reported that female 349 offspring have reduced locomotor activity at 180 days of age compared to male offspring of 350 pregnant rats fed a high fat diet during pregnancy (55). In addition, this research group used 351 cross-fostering techniques after birth to shown that the hypertension in females is attained 352 whether exposure to maternal high fat diet occurs before and during pregnancy or during the 353 suckling period (54) . Innate sex differences such as lower plasma aldosterone concentration, 354 greater renal weight, increased glomerular number and volume in males was also noted, 355 independent of maternal diet. While the mechanisms responsible for programming due to high 356 fat diets remain unclear, the report that statin treatment has beneficial effects on the offspring 357 highlights at least one potential mechanism, alterations in lipid metabolism (25). In addition, it 358 has been suggested that high levels of butyric acid that may result from a high fat diet could lead 359 to changes in chromatin structure and result in epigenetic alterations (51). Taken together these 360 observations indicate that maternal high fat diet alters mesenteric artery, conduit artery and renal 361 function in offspring engendering hypertension in which the renin-angiotensin system (RAS) is 362
implicated. 363 364
Models of Maternal Renal Compromise 365
Another intriguing area of investigation that is garnering recent attention involves the role 366 of the maternal RAS during pregnancy and/or lactation in pregnancy outcome and offspring 367 health. These approaches may be in the form of administration of RAS inhibitors (108), altered 368 sodium diet as described above (9), or the previously discussed 2K,1W Page hypertension (22). 369 RAS inhibition at the level of the AT 1 receptor is reported to have several sex specific effects 370 that manifest post-partum (73; 106; 108). Saez et al. found that AT 1 inhibition reduces nephron 371 number similarly in male and female rats, but the subsequent glomerulosclerosis and interstitial 372 fibrosis are greater in males than in females. Further, the male rats are also reported to have a 373 significant papillary atrophy (106). Functional differences include impaired urinary-374 concentrating ability during a prolonged dehydration in the male offspring (73) and impaired 375 excretory capacity following acute volume expansion (72). In another study from the same 376 group, the authors reported that during exposure to a high salt diet at 11-12 months of age, the 377 putative reno-protective effect of female sex hormones observed earlier in the development of 378 their model, and which was proposed to prevent proteinuria despite elevated systolic blood 379 pressure (106), seemed to be exceeded (108) . A high salt diet during pregnancy in rats has also 380 been evaluated and reported to alter the response to restraint stress in female offspring. Further, 381 female high salt diet offspring had increased corticotrophin releasing hormone mRNA levels in 382 the PVN than did normal salt diet females (98). similar effects on BP in males and females but the magnitude of hypertension and a greater 406 stress-induced hypertension was observed in males. Interestingly, the response to catecholamine 407 release was similar in both sexes (89). In another study, prenatal dexamethasone (DEX) 408 treatment significantly enhanced the arterial pressure response to acute stress only in female 409 WKY, while DEX augmented the elevation in heart rate during stress only in male rats (10). 410
Ortiz et al. have shown that antenatal DEX elevates blood pressure in female offspring at 411 three weeks of age while only male offspring had increased blood pressure at six months of age 412 (93). Interestingly, despite the observation that only male DEX-treated rats were hypertensive at 413 six months of age, both male and female offspring showed signs of glomerulosclerosis when 414 compared to control rats (93). Similar work has shown that a postnatal diet rich in ω-3 (n-3) fatty 415 acids attenuates the effects of DEX on blood pressure in the offspring (138). Moreover, these 416 authors also reported that the same lowered blood pressure in female control animals versus 417 those fed a control diet (138). With the wide ranging effects reported in the glucocorticoid 418 models, it is clear that continued studies are required to tease out the mechanisms underpinning 419 the sex-specific responsivity in this programming model. 420
In summary, the literature on the subject of sex differences in the developmental of 421 hypertension and cardiovascular disease is divided. On the one hand differences between the 422 sexes are argued to have their roots in the hormonal milieu (primarily androgen/estrogen). On the 423 other, more fundamental differences at the level of gene expression are argued to be of primary 424 importance to these observations. Adding to the complexity of the debate is the fact that 425 differences in response due to sex may differ between species. In non-human primates, sheep and 426 rats decreased fetal nutrient availability increases expression of the renal AT 1 receptor in the 427 kidneys of males. However in mice it is the norm for females to exhibit increased AT 1A 428 expression and for protein restriction to normalize the differences in expression between the 429 sexes (46). The investigation of developmental programming is uniquely positioned to address 430 some of this ongoing debate since differences between developmental responses to nutrient 431 deprivation or glucocorticoid excess are less likely to be under the influence of reproductive 432 endocrinology than are the changes occurring immediately before and after puberty. 433
434
POTENTIAL MECHANISMS UNDERLYING SEX DIFFERENCES IN 435
DEVELOPMENTAL PROGRAMMING 436
A variety of mechanisms have been postulated with regard to DOHAD (summarized in 437 Figure 2 ). While the contribution of sex to the developmental origins of disease is widely 438 recognized, it seems sex may exert distinctly different influences during fetal and adult life. For 439 example, while male fetuses may be more susceptible to in utero nutrient privation (30), female 440 fetuses may have increased susceptibility to gestational over-nutrition (55). The reasons for this 441 remain nebulous; however, one clue may be held in the long observed differences in growth rates 442 exhibited by male and female fetuses in utero (96) . Hence, a faster growing male fetus may 443 experience greater or lesser degrees of these nutritional insults compared to a female counterpart. 444 Differences in the rate at which the male develops compared to the female likely contribute to 445 gender differences in the response to NR reported in the literature (94) . One unresolved question 446 is whether male fetuses have increased metabolism compare to female fetuses. Hence, the 447 chromosomal complement of the fetus may affect maternal metabolism and as the mother 448 carrying a male fetus endures NR, the male fetus will face greater hardship than a female fetus in 449 an equivalent pregnancy. In contrast, the female fetus in a pregnancy with an over-nourished 450 mother could face similar hardship albeit via different pathways. Interestingly, sheep exposed to a methyl deficient diet during pregnancy produce hypertensive 468 male offspring compared to females of similar rearing, as well as to male and female controls 469 (115). The authors then evaluated 1400 CpG sites (primarily gene promoter associated) in fetal 470 liver at 90 days of gestation (term=150) and reported that more than half of the affected loci were 471 specific to males. These observations suggest male-specific demethylation that could provide a 472 mechanistic basis for the phenotypic sex differences observed in that study (115). In addition, 473 the emerging fields of nutrigenetics and metabolomics (35; 87) seem poised to shed further light 474 on these operational characteristics of these mechanisms. 475
Alternatively, it has also been hypothesized that when genes are expressed in multiple 476 tissues or serve several functions they should show less sex bias than genes that are more 477 specialized (26). The genes such as those involved in the RAS are certainly expressed in multiple 478
tissues, yet these genes are also closely associated with sex differences in the developmental 479 origins of cardio-renal diseases. Clearly there is a tremendous gap in our understanding of these 480 complex topics and further studies are needed to clarify these matters particularly in the light of 481 the differences reported regarding fetal gender and the developmental response to maternal over-482 and under-nutrition. (118) who has described a relationship between androgens and the development of albuminuria, 508 and the renal protection afforded by estrogen, in spontaneously hypertensive rats. There is some 509 evidence to suggest that both over activity of the renin angiotensin system and oxidative stress 510 likely contributing to sex differences in the progression to renal injury. Treatment with either an 511 AT 1 blocker and/or an ACE inhibitor blunts the occurrence of renal injury in males (67). 512
Antioxidant treatment improves renal function and decreases markers of renal injury in males 513 supporting the contribution of oxidative stress to renal disease (111). Male SHR, exhibit 514 androgen-dependent increases in blood pressure and albuminuria that are independent of renal 515 cortical angiotensin II levels and oxidative stress (118). 516
Interestingly, the cardio-renal protective effects of estrogens has not been a universal 517 finding (108) . Considering the differences between the models employed by different 518 laboratories, one possibility could be the magnitude of the insult to the kidney during 519 development has an influence on the extent of protection that may be afforded by female sex 520 hormones in later life. It is widely recognized that differences in sex hormones contribute to 521 considerable sexual dimorphism in the transcriptome of a variety of mammalian tissues and 522 organs (104); however, it has only recently been recognized that androgen/estrogen independent 523 mechanisms may operate at the transcriptional level to regulate sex differences (124). This 524 possibility represents an alternate pathway that may be at work contributing to the observations 525 that the relationship between sex hormones and blood pressure is far more complex than simply 526 the balance of estrogen vs. testosterone (91). Taken it is very unlikely that the structural changes can be reversed. For example it is difficult to see 551 how any deficit in nephron endowment can be made good. Nevertheless, continued investigation 552 using hypothesis driven mechanistic studies that incorporate sexual dimorphism into the models 553 rather than attempt to control for sex differences are needed to identify target pathways for 554 
